Controlling the quantity and size of organelles through competition for a limited supply of components is quickly emerging as an important cellular regulatory mechanism [1] . Cells assemble diverse actin filament (F-actin) networks for fundamental processes including division, motility, and polarization [2] [3] [4] . F-actin polymerization is tightly regulated by activation of assembly factors such as the Arp2/3 complex and formins at specific times and places. We directly tested an additional hypothesis that diverse F-actin networks are in homeostasis, whereby competition for actin monomers (G-actin) is critical for regulating F-actin network size. Here we show that inhibition of Arp2/3 complex in the fission yeast Schizosaccharomyces pombe not only depletes Arp2/3-complex-mediated endocytic actin patches, but also induces a dramatic excess of formin-assembled F-actin. Conversely, disruption of formin increases the density of Arp2/3-complexmediated patches. Furthermore, modification of actin levels significantly perturbs the fission yeast actin cytoskeleton. Increasing actin favors Arp2/3-complex-mediated actin assembly, whereas decreasing actin favors formin-mediated contractile rings. Therefore, the specific actin concentration in a cell is critical, and competition for G-actin helps regulate the proper amount of F-actin assembly for diverse processes.
Results and Discussion
To control F-actin network density, actin polymerization is tightly regulated through the activation of assembly (nucleation) factors by GTPase signaling cascades, the rate at which F-actin barbed ends are capped, the rate at which assembly factors are turned off, and F-actin disassembly factors [2, 3, 5] . The supply of unassembled G-actin is not generally considered to be limiting [6, 7] . Alternatively, it is possible that the actin cytoskeleton is homeostatic with a limited concentration of G-actin, which is competed for by assembly factors to help regulate its incorporation into diverse F-actin networks [3, [8] [9] [10] . However, this intriguing additional hypothesis has not been systematically tested.
Fission yeast forms three F-actin network structures by three different assembly factors [9] . The Arp2/3 complex assembles short-branched F-actin in endocytic actin patches, whereas the formins For3 and Cdc12 assemble long-straight F-actin in polarizing actin cables and the cytokinetic contractile ring, respectively. The amount of actin and other components incorporated into actin patches and contractile rings is remarkably consistent, varying less than 50% for each structure [11] [12] [13] . Although measuring the composition of actin cables has been technically challenging, they may be similarly consistent. Of the w1 million actin molecules per cell, w35% to 50% are evenly distributed between 30 to 50 actin patches, w10% are incorporated into contractile rings, and perhaps as much as 15% are estimated to be consumed by actin cables [11] [12] [13] [14] [15] .
To directly test the hypothesis that assembly factors compete for G-actin, we investigated the consequences of systematically disrupting individual assembly factors in fission yeast cells. Initially, we treated cells expressing the general F-actin marker Lifeact-GFP with a range of concentrations of the Arp2/3 complex inhibitor CK-666 [16] , causing a dose-dependent decrease in the number of actin patches (Figures 1A and 1B and Figure S1A available online), reduction in patch motility, and increase in patch lifetime (Table S1 ). Strikingly, actin patch depletion coincides with the dramatic formation of new ectopic cable-like F-actin ( Figures 1A and S1A ), saturating at w100 mM CK-666 ( Figure 1B ). CK-666 treatment facilitates ectopic F-actin assembly in both minimal and rich growth media, is visible with different general F-actin markers including rhodamine-phalloidin (Figures S1B-S1F), and is inhibited by the G-actin sequestering drug LatA ( Figure S1G ).
Observation of cells in a microfluidic chamber revealed that depletion of actin patches and the concomitant assembly of ectopic F-actin occurs in w10-20 min after addition of saturating concentrations of CK-666 ( Figure 1C and 1D and Movie S1). Ectopic F-actin rapidly disassembles upon wash out of CK-666 with a corresponding reassembly of actin patches in w10-40 min ( Figures 1C and 1D ). Actin patch proteins ArpC5-mCherry (Arp2/3 complex component) and Acp2-GFP (actin capping protein) are released into the cytoplasm by CK-666 treatment, but do not incorporate into the ectopic F-actin ( Figures S1H-S1J ).
Genetic disruption of Arp2/3 complex also leads to ectopic F-actin assembly, albeit less prominently than with CK-666 since actin patches are not depleted completely under these conditions ( Figures 1E-1H ). Compared to wild-type (WT) cells, at the restrictive temperature of 19 C Arp2/3 complex coldsensitive mutant arp3-C1 cells [17] have approximately half the number of patches and a corresponding statistically significant 3-fold increase in ectopic F-actin (p < 0.0001) ( Figures 1E  and 1F) . Similarly, reduction of Arp2/3 complex expression by shutting off Arp3 (SO-arp3) for 46 hr also halves the number of patches per cell while increasing the amount of ectopic F-actin by more than 3-fold (p < 0.0001) (Figures 1G and 1H) .
We next investigated whether the cable-like ectopic F-actin is spontaneously assembled, or is dependent upon remaining actin assembly factors: the formins For3 and Cdc12. One hundred percent of single formin mutant cells (for3D or cdc12-112 temperature sensitive) assemble ectopic F-actin when treated with CK-666 at the restrictive temperature of 36 C, whereas double formin mutant for3D cdc12-112 cells do not ( Figures  2A and S2A-S2D ). Disruption of the small G-actin binding protein profilin (cdc3-124), which is necessary for forminmediated actin assembly in vivo [18, 19] , also prevents CK-666 mediated ectopic F-actin assembly (Figure 2A and S2E). Time-lapse imaging revealed that formin-mediated ectopic F-actin is highly dynamic, whereas smaller F-actin aggregates formed by inhibition of Arp2/3 complex in double formin mutant cells are immobile ( Figure S2F ). Additionally, the F-actin binding protein tropomyosin (Cdc8) [20] , which associates with formin-assembled filaments [20] [21] [22] , localizes to the ectopic F-actin ( Figure S2G ). Similarly, the formin-mediated contractile ring marker Rlc1-tdTomato localizes to robust rings in CK-666 treated cells ( Figure S2H ).
These results indicate that inhibition of Arp2/3 complex amplifies formin-mediated actin assembly in fission yeast, suggesting an underlying homeostatic state whereby assembly factors compete for G-actin. Increased levels of G-actin produced by inhibition of Arp2/3 complex may allow intrinsically active formins to elongate filaments faster [23] and/or turn on inactive formin molecules [24, 25] .
For3 primarily localizes to and forms actin cables from cell tips [26] , whereas active Cdc12 forms contractile rings in the middle of dividing cells [18] . Consistent with these different Lifeact-GFP
Patches per cell Figure 2B ). Ectopic F-actin is present in approximately three peaks at the tips and middle of WT cells, whereas it localizes primarily to poles in cdc12-112 cells and to the midzone in for3D cells. Ectopic F-actin in for3D cells is assembled by Cdc12 in the midzone rather than relocated there after its assembly elsewhere ( Figure S2I and Movie S2), indicating that Cdc12 is active in the midzone during interphase when Arp2/3 complex is inhibited. The fluorescence intensities of Lifeact-GFP and rhodamine-phalloidin in Cdc12-mediated contractile rings increase in WT cells treated with CK-666 ( Figure 2C ). Contractile ring F-actin levels are also elevated in for3D cells, and even more so when for3D cells are treated with CK-666 ( Figure 2C ). Therefore, Cdc12 assembles more robust rings upon inhibition of the other assembly factors, suggesting that the formin Cdc12 competes with both Arp2/3 complex and the formin For3 for G-actin.
We next investigated whether depleting the formins enhances Arp2/3-complex-mediated actin assembly ( Figures  2A, 2D , and S2A-S2D). While WT and formin mutant cells have similar total amounts of actin ( Figures S2J and S2K) , single (cdc12-112 and for3D) and double (cdc12-112 for3D) formin mutant cells have increasingly higher densities of Arp2/3 complex-dependent actin patches ( Figure 2D ). The density of Lifeact-GFP-labeled actin patches increases from w1.0 (per mm 2 of confocal z projections) in WT cells to w1.6 in cdc12-112 for3D cells. However, in both single and double formin mutant cells, the amount of Lifeact-GFP fluorescence, lifetime, and motility of individual patches are relatively unchanged ( Figure 2D and Table S1 ). The assembly of an excess number of actin patches with similar dynamics suggests that the concentration of G-actin could be important for regulation of actin patch initiation. Conversely, consumption of G-actin by individual patches may instead be limited by the number of activated Arp2/3 complexes, barbed-end capping protein, and F-actin disassembly by cofilin [12, 27, 28] .
We hypothesize that inhibition of Arp2/3 complex liberates G-actin by preventing its incorporation into new patches, thereby increasing its availability for the formins. Because the F-actin severing protein cofilin is required for actin patch disassembly, depletion of cofilin increases the density and size of actin patches and prevents formin-mediated assembly of both rings and cables ( Figures 3A and 3C) [10, 27] . Given that CK-666 inhibits nucleation by Arp2/3 complex but does not disassemble preexisting branches [29] , it is therefore not surprising that treatment of cofilin mutant cells (adf1-1) with 100 mM CK-666 at the restrictive temperature of 36 C does not deplete actin patches and consequently does not induce formin-mediated ectopic F-actin assembly ( Figure 3A) . Prevention of CK-666-mediated ectopic F-actin assembly appears to be specific to the cofilin adf1-1 mutant, because deletion of the F-actin bundling endocytic actin patch component fimbrin (fim1D) does not prevent ectopic F-actin formation ( Figure 3B ).
Because the disruption of actin assembly factors and their associated structures leads to extraneous F-actin assembly by competing factors, we hypothesized that the specific cellular actin concentration is critical for proper F-actin network formation. We replaced the endogenous actin (act1) promoter with the thiamine-repressible Pnmt1 promoter, which in the presence or the absence of thiamine for 22 hr results in either a w5-fold under-or w5-fold overexpression of actin, respectively (Figures S3A-S3C ). Fluorescent images of Lifeact-GFP revealed that under-and overexpression of actin has contrasting effects; underexpression favors forminmediated contractile rings, whereas overexpression favors Arp2/3-complex-mediated actin patches ( Figure 4A ). Because actin cables are difficult to image, we focused our quantitative analysis on actin patches and contractile rings. There are w3-fold fewer actin patches per cell when actin is underexpressed ( Figure 4B ), but individual patch behaviors (lifetime, mean Lifeact-GFP fluorescence, and motility) are only affected slightly ( Figures 4C-4E , Movie S3, and Table S1 ). Conversely, actin-overexpressing cells contain at least 2-fold more actin patches per cell ( Figure 4B ), an underestimate, as individual patches are extremely difficult to discern within broad swaths of patch-like material ( Figures 4A-4D ) that colocalizes with the actin patch component fimbrin Fim1-mCherry ( Figure S3D ). The lifetime of distinguishable individual patches in actinoverexpressing cells is w2-fold longer, and they travel an w3.5-fold shorter distance from the cortex during internalization ( Figures 4C-4E , Movie S3, and Table S1 ). Interestingly, actin patch dynamics are significantly altered in actin-overexpressing cells, where actin is increased by w500%, whereas patch dynamics are not altered in formin mutant cells, where the available actin may be increased by only w20% (Table S1 ). Formin-mediated contractile rings are not detected in cells overexpressing actin ( Figure 4F ), and >80% of these cells are multinucleate with malformed septa (Figures 4H, S3E , and S3F). The type II myosin regulatory light chain Rlc1-GFP contractile ring marker confirmed that multinucleate cells overexpressing actin fail to form normal contractile rings ( Figure S3G ). Conversely, w2-fold more cells underexpressing actin have contractile rings compared to WT cells ( Figure 4F ), and those rings have significantly more Lifeact-GFP fluorescence (actin) ( Figure 4G ), resulting in >2-fold more binucleate cells with deformed septa than WT cells ( Figures 4H and S3F) . Thus, reduced actin concentrations appear to decrease Arp2/3-complex-mediated actin patches and favor formin-mediated contractile rings, whereas elevated actin concentrations favor actin patches over contractile rings. Increased actin concentration may stimulate excessive actin patch initiation by Arp2/3 complex, which subsequently consumes the majority of actin at the expense of formins. Conversely, reduced actin concentration may increase the ratio of profilin to G-actin, which is critical for formin Cdc12 function [19] .
Lastly, treatment of cells under-or overexpressing actin with a range of concentrations of CK-666 supports our hypothesis that competition for a common pool of G-actin helps regulate the extent of F-actin network assembly ( Figures 4I and 4J ). Cells underexpressing actin require a lower concentration of CK-666 to fully disassemble the fewer number of actin patches and form less formin-mediated ectopic F-actin than WT cells. On the other hand, cells overexpressing actin require w2-fold more CK-666 to fully disassemble the excess of actin patches and form >3-fold more ectopic F-actin.
We discovered that depletion of either Arp2/3 complex-or formin-dependent F-actin networks leads to enhanced F-actin assembly by the remaining actin assembly factors. Furthermore, raising actin levels favors Arp2/3 complex actin patches, whereas lowering actin levels favors formin contractile rings. These results suggest an important regulatory mechanism whereby the actin cytoskeleton is in homeostasis, characterized by an intrinsic competition for a common pool of G-actin that helps set the number and size of diverse F-actin structures in fission yeast. Consumption of G-actin by one F-actin network is critical to limit the amount of G-actin available for other networks. This competition could explain why Arp2/3 complex mutations suppress profilin mutations in fission yeast [17, 30] .
Although competition for G-actin had not been systematically tested before and has only occasionally been suggested as a possible actin cytoskeleton regulatory mechanism [3, 8-10, 31, 32] , multiple Arp2/3 complex inhibition experiments from diverse cell types can be interpreted similarly. For example, depletion of actin patches either by overexpression of the Arp2/3 complex inhibitor Gmf1 or by depletion of the Arp2/3 complex activator Dip1 leads to ectopic F-actin formation in fission yeast [31, 33] . Budding-yeast Arp2/3 complex mutant cells have excessive formin-like F-actin cables [34] . Furthermore, in insect and diverse animal cell types, the inhibition of Arp2/3 complex leads to depletion of lamellipodia with a simultaneous increase in the number of long, straight, bundled F-actin networks such as formin-and Ena/VASPdependent filopodia-like structures [32, [35] [36] [37] [38] [39] [40] . Therefore, considerable care is required to interpret experiments that perturb actin assembly factors or actin levels.
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